Water dimers have been assembled in He droplets and studied by infrared laser depletion spectroscopy. All four OH stretching bands of the dimer have been identified in the spectral range 3590-3800 cm −1 . Infrared intensities of the bands are also reported. The results are compared with previous measurements and theoretical calculations.
I. INTRODUCTION
In recent years small water clusters have been extensively studied via spectroscopy and by theoretical calculations. Water dimer is naturally the simplest and the most studied of water clusters. Dyke et al. 1,2 first measured the microwave spectrum of water dimer in 1977 and analyzed it in terms of the rotational and tunneling motion of the constituent molecules. More recently, the vibration-rotationtunneling spectra of water dimers have been studied in the microwave [3] [4] [5] [6] [7] and infrared ͑IR͒ spectral ranges. [8] [9] [10] [11] [12] [13] [14] Small water clusters have also been studied in solid matrix [15] [16] [17] [18] as well as in He droplets. [19] [20] [21] [22] [23] [24] As a result the energy level diagram of rotational-vibrational-tunneling states in water dimer is well established. 8, [25] [26] [27] [28] [29] [30] [31] Water dimers continue to be a target of extensive quantum chemical calculations. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Calculated equilibrium structure of water dimer is shown in Fig. 1 .
In comparison with large advances in the microwave and far IR spectroscopy, IR spectral range of O-H stretches of water dimers remains less studied. Nevertheless, the IR spectra could provide some additional information on the energy levels of the dimer such as tunneling splitting in the ground and excited states. High resolution work by Huang and Miller 8 provided an assignment of subbands of the asymmetric stretch vibration of acceptor molecules ͑AA͒ and reported observation of some other OH-stretch bands. Bands due to asymmetric stretch vibration of acceptor molecules ͑AA͒ as well as free and bonded OH stretch of donor molecules ͑FD and BD͒ in the dimers have been unambiguously identified in molecular beam and He droplet studies of Huisken and co-workers. 14, 19, 49 AA band in ͑D 2 O͒ 2 has also been studied by Saykally and co-workers. 50 In addition to transition frequencies, IR intensities ͑IRIs͒ of the bands are important spectroscopic observables, which provide an insight into the change in the charge distribution in the dimer upon vibrations. Apart from the obvious fundamental interest, water dimers are important in a number of applications. For example, the knowledge of the IR spectrum and IRI is instrumental in calculations of the absorption of solar radiation by water clusters. 37, 51, 52 Nevertheless, there are few direct measurements of the IRIs in molecular clusters, largely because of the difficulties in determining the absolute number densities.
In this work water dimers have been assembled in He droplets and the frequencies and IRI of all four OHstretching bands have been obtained. The results are compared with previous measurements and theoretical calculations.
II. EXPERIMENTAL DETAILS
The helium beam apparatus used in this work has been described elsewhere. 53 Briefly, the helium droplets of about 3500 atoms are produced in a supersonic expansion of pure He gas through a 5 m diameter nozzle at a stagnation pressure of 20 bar and at temperature of 16 K. The droplet beam is collimated by a skimmer and is doped with water molecules in a differentially pumped pickup chamber. The IR pulsed ͑7 ns͒ laser beam was obtained from an optical parametric oscillator-amplifier system ͑Laser Vision͒. It has a linewidth of 0.3 or 1 cm −1 , with the injection seeder of the pump laser on or off, respectively, and a maximum pulse energy of about 7 mJ in the range of 3600-3800 cm −1 . The laser beam was attenuated in order to avoid saturation of the transitions. In order to prevent the absorption of the laser beam by water vapor in the air, the laser cabinet was continuously purged by dry nitrogen and the optical path between the laser cabinet and the entrance window of the He droplet beam apparatus was evacuated. The laser beam was aligned antiparallel to the He droplet beam. The intensity of the He droplet beam was measured by a quadrupole mass filter transmitting all masses higher than M = 6 u, which was equipped with an electron beam ionizer. The absorption of a laser photon by water molecules and clusters is followed by rapid energy transfer to the host droplets and subsequent evaporation of several hundreds of He atoms. Extensive previous results show that vibrational relaxation time is usually much shorter than the time of flight of the droplets of about 3 ms. 53 The only known exceptions are light diatomic molecules such as HF ͑Ref. 54͒ and HCl ͑Ref. 55͒, which have long vibrational relaxation time in He. Transient decrease in the mass spectrometer signal after laser pulses was recorded by a fast digitizer interfaced to a computer. The resulting spectra have been normalized on the laser power, which varied over about 20% in the studied spectral range. The absolute frequency was calibrated using gas phase absorption of water molecules in an optoacoustic cell.
III. RESULTS
The spectra of water molecules and clusters in the range of the OH-stretch vibrations are shown in Fig. 2 . Spectra in panels ͑a͒ and ͑b͒ have been measured upon capture of one and three water molecules per droplet on average, respectively. The insert in panel ͑a͒ shows part of the spectrum at the higher resolution of 0.3 cm −1 . Peaks 1a-1c are assigned to rovibrational lines of the asymmetric stretch band ͑ 3 ͒ of single water molecules 2 02 ← 1 01 , 1 01 ← 0 00 , and 0 00 ← 1 01 , respectively, which have been observed in He droplets previously. 21, 22 Additional peaks in the spectra are due to water clusters, which have been assigned based on measurements of their intensity versus water vapor pressure in the pickup chamber as discussed in Ref. 23 . We found that peaks 2a-2e stem from water dimers. Based on the results of previous measurements 8, 19 and calculations, [35] [36] [37] [38] peaks 2a-2c are assigned to the AA band and peaks 2d and 2e to the free OH-stretch of donor molecule ͑FD͒. The relative intensity of the peak labeled by n is much higher in panel ͑b͒ as compared with that in ͑a͒ which indicates it arises from clusters larger than dimers, in agreement with the previous observations. 19, 20 The strong peak at 3597.4 cm −1 corresponds to the bonded OH-stretch vibration of the donor molecule in the dimer ͑BD͒. 23 The weak peak at 3654.2 cm −1 also belongs to the dimers. Taking into account its frequency and low intensity, we assigned this peak to the symmetric stretch of the acceptor molecule ͑SA͒. The frequencies and relative intensities of the observed dimer bands are listed in Table I . The ab initio harmonic calculations were performed at the MP2 level of theory with an aug-cc-pVDZ basis set. The harmonic frequencies were scaled by a factor of 0.957. Measurements of the IRI in helium droplets have been described previously. 23 Briefly, the intensity ratio of the dimer and monomer bands can be expressed as
where A 1,2 and ͓M 1,2 ͔ are the IRIs and abundances of water monomers and dimers, which are labeled by subscripts 1 and 2, respectively. The abundance of the clusters having k molecules in the He droplets is given by the Poisson distribution
where z = P M is the average number of pickup events per droplet, P M is the pressure of the water vapor in the pickup chamber, and is a numerical factor obtained from the fit of the experimental results to Eq. ͑2͒. In order to obtain absolute values of the IRI in dimers, we used the known intensity of 3 band of single water molecules in the gas phase of A =48 km/ mol. 56 The total intensity of the 3 band was obtained as a sum of the intensities of 2 02 ← 1 01 , 1 01 ← 0 00 , and 0 00 ← 1 01 lines. Because the 0 00 ← 1 01 line overlaps with the FD band, its intensity was estimated from that of the 2 02 ← 1 01 line using known line strengths. 56 The obtained IRIs are shown in Table II . The results are the averages obtained from the spectra measured at mean numbers of the captured molecules of z = 1 and z = 2, which differ by less than 20%. Although there are numerous higher level calculations of the structure, frequencies, and intensities in the water dimer, we performed similar calculations using a medium-size basis set, an augmented double-correlation consistent basis set ͑aug-cc-pVDZ͒, at the second order ͑MP2͒ level of Møller-Plesset perturbation theory using GAUSSIAN 03. Our primary goal was to obtain the directions of the transition dipole moment with respect to the principal inertia axis. The results with relatively large basis sets, triple, and quadruple-correlation consistent basis sets, and the various levels of theory in this work showed little difference in the directions and magnitudes of the permanent and transition dipole moments. The results of our calculations are summarized in Table I . The calculated distance between oxygen atoms of 2.92 Å and the O-H-O angle of 171.3°are both somewhat smaller than the experimental results of 2.98 Å and 177.7°, respectively. 3, 4 This difference is probably accounted for by vibrational averaging. 43, 57 Otherwise the unscaled frequencies and intensities are in good agreement with the results of previous calculations.
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IV. DISCUSSION
A schematic of the relevant energy levels in the ground state and in the vibrationally excited states of the dimer is given in Fig. 3 , which is based on Refs. 8 and 25-28. Water dimer is a nearly symmetric prolate top with the gas phase rotational constants of about A = 7.6 cm −1 , and ͑B + C͒ / 2 = 0.205 cm −1 . 25 The principal inertia axis, a, of the dimer is very close to the O-O axis, see Fig. 1 . Hindered internal rotation of the acceptor molecule, which will be referred to as acceptor switching, results in the splitting of the dimer's energy levels. The magnitude of the splitting is smaller in the K a = 1 state as compared with the K a = 0 state. The lower and higher components of the tunneling doublet in the K a =0 state have symmetry labels of A 1 + and A 2 − , respectively; the labels are switched in the K a = 1 state. At the low temperature of T = 0.37 K in helium droplets, 58 only K a = 0 and K a =1 states are populated.
As a result of the additional interchange and bifurcation tunneling, each of the A 1 + and A 2 − levels in both K a = 0 and K a = 1 states is split into a triplet having total spread of about 0.7 cm −1 . 25 The splitting decreases to about 0.06 cm −1 upon excitation of the AA vibration. 8 Taking into account that the width of the measured bands of ͑H 2 O͒ 2 in He is about or greater than 1.5 cm −1 , interchange and bifurcation splitting cannot be resolved in this work. Similarly, the fine structure of the bands due to end-over-end rotation cannot be resolved and contributes to the observed band width. Therefore the 
A. The asymmetric OH-stretch acceptor band "AA…
According to the results of the calculations in Table I , the AA band is a neat perpendicular band. The parallel component of the AA band is forbidden by symmetry. The schematic of the AA band is shown on the right hand side of Fig.  3 . The AA band in He droplets has a weak feature at 3739.1 cm −1 and two stronger peaks at 3752.5 and 3759.9 cm −1 . The same peaks have been observed in the spectrum of water dimers in He droplets previously. 19, 21 We assigned the first two peaks to the ͑K a Ј=0← K a Љ=1,A 2 − ͒ and
− ͒ subbands, respectively. This assignment is based on the close proximity of the frequency of the peaks to the corresponding transitions in free dimers at 3738.4 and 3753.0 cm −1 , respectively. 8 The new peak at 3759. The integrated intensity ratio of the bands from the A 2 − and A 1 + states was found to be 1.3:1. This includes the estimated intensity of the unobserved ͑K a Ј=2← K a Љ=1,A 2 − ͒ subband. Water molecules have ortho-and para-nuclear spin isomers which have the abundance ratio of 3:1, respectively. The same ratio was observed in water molecules embedded in He droplets. 21, 22 Therefore, water dimers formed in He droplets differ by their ortho-para composition. According to Ref. 8 , the levels of para-para ͑1͒ dimers and ortho-ortho ͑9͒ dimers reside within the lower and upper A 1 + and A 2 − group of states, respectively. On the other hand the levels of ortho-para ͑6͒ dimers contribute to both A 1 + and A 2 − states. Here the numbers in parentheses give the probability of formation of the corresponding dimers in He droplets. The observed intensity ratio indicates that the para-ortho dimers relax into the lower A 1 + state via interchange tunneling and transfer of the excess energy to the He droplets. Taking into account the population redistribution due to the relaxation, the intensity ratio of the transitions originating from the A 2 − and A 1 + levels is estimated to be 9:7=1.3:1 in good agreement with the experimental results. The results also indicate that the nuclear spin of water molecules in the dimers does not relax, as it was previously found in single molecules, such as H 2 O, 21 
embedded in He droplets
The population ratio of the K a Љ=1,A 2 − and K a Љ=0,A 2 − levels must reflect the thermal equilibrium at T = 0.37 K. 58 Thus using the intensity ratio of the transitions from the K a Љ =1,A 2 − and K a Љ=0,A 2 − levels of 7:10 the energy difference can be obtained to be about 0.27 cm −1 , which is in good agreement with the gas phase value of about 0.3 cm −1 . 25 Frequencies of the AA subbands can be used in order to obtain the band origin, AA , and the magnitude of the acceptor switching splitting. In the following we will label the acceptor switching splitting in the K a = 0 and 1 states by a 0 and a 1 , respectively, with a star added to distinguish the vibrationally excited state. From Fig. 3 it follows: Unfortunately the number of the observed subbands is insufficient for calculating each of the acceptor switching in Eqs. ͑3͒-͑5͒. From Eqs. ͑3͒-͑5͒ and using A = 7.6 cm −1 we obtain
The values for the acceptor switching splitting in the ground and vibrationally excited states in ͑H 2 O͒ 2 can be disentangled taking that the splitting in the K a = 0 and 1 states change upon vibrational excitation by the same factor. This is supported by the fact that the magnitude of the acceptor switching splitting in both K a =0 and 1 in D 2 O dimers decreases by about the same factor of 0.80 upon vibrational excitation. 62 With this assumption and the previously measured value of a 0 +a 1 = 13.9 cm −1 , 25 we obtain a 0 = 10.2 cm −1 , a 1 = 3.7 cm −1 , a ‫ء0‬ = 7.5 cm −1 , and a ‫ء1‬ = 2.7 cm −1 . Previously, a 0 = 9.3 cm −1 and a 1 = 4.6 cm −1 in ͑H 2 O͒ 2 have been estimated 25 based on the analysis of the AA band in D 2 O dimers. 62 The most recent theoretical study shows that the average of the acceptor switching splitting decreases upon vibrational excitation by about 25%, in agreement with the ͑D 2 O͒ 2 results. 62 Interaction with the He environment may in principle cause some decrease in the acceptor switching splitting as 014304- 4 Kuyanov-Prozument, Choi, and Vilesov J. Chem. Phys. 132, 014304 ͑2010͒
documented previously for interchange tunneling in HCl and HF dimers. 55, 63 However, because the acceptor switching splitting in water dimer originates from the fast hindered rotation of the acceptor water molecule, the effect of helium is expected to be small. This conjecture is supported by the fact that the rotational constants of single water molecules remain within the few percents the same upon entrainment in He droplets. 21, 22 Overall good correspondence of the gas phase and He droplet frequencies indicate that the effect of the He environment is small and the change in the magnitude of the acceptor switching splitting and rotational constant A with respect to gas phase values do not exceed few tenths of a wavenumber, as has been noticed previously.
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B. The bound donor OH-stretch "BD…
The BD vibration predominantly includes motion of the hydrogen atom of the hydrogen bond ͑HB͒ between the two oxygen atoms. Thus it is expected to be a parallel band, in agreement with the results of the calculations shown in Table I . Due to the low population of K a Љ= 1 in He droplets, the observed BD band is predominantly attributed to the ͑K a Ј=0← K a Љ=0͒ transition, which is shown on the left hand side of Fig. 3 . The band appears as a relatively narrow ͑␦ Ϸ 2.5 cm −1 ͒ single peak. Therefore, we concluded that the acceptor switching splitting in the BD vibrationally excited state is the same within less than about 1 cm −1 as in the ground state. A partially resolved band of water dimers in the gas phase has been observed previously at about 3600 cm −1 , 8 which was assigned to the SA stretch, but has later been reassigned as the BD band.
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C. The free donor OH-stretch band "FD…
The FD band was previously considered to be a perpendicular band, 8 as suggested by the large vibrational amplitude of the free hydrogen atom. Then, because of the switching of the symmetry species in the upper ͑K a Ј=1͒ state, it should have consisted of two intense ͑K a Ј=1← K a Љ=0͒ subbands ͑as shown in the middle of Fig. 3͒ separated by about 14 cm −1 . Measured spectra of the FD band in Fig. 2 show no splitting of this magnitude. Therefore we concluded that FD is a parallel band. Indeed, the results of the calculations in Table I show that FD is predominantly a parallel band, which is also in agreement with other recent calculations. 42 Apparently, the vibration of the bond bridge H-atom gives a large contribution to the transition dipole in spite of its relatively small amplitude. Some weak splitting of the FD band of about 1 cm −1 as shown in the insert to Fig. 2͑a͒ is probably caused by the change of the acceptor switching splitting upon excitation of the FD vibration.
According to our calculations, the perpendicular component of the band should have a factor of 8 lower intensity and has not been identified in this work. In Ref. 
D. The symmetric OH-stretch acceptor band "SA…
According to the calculations ͑Table I͒ SA is predominantly a perpendicular band as shown in the middle of Fig. 3 . Therefore it should have two subbands split by about 14 cm −1 . However, Fig. 2͑b͒ shows that SA is a single band. Thus the SA must be a parallel band. Calculations also show that the SA vibration includes some substantial motion of the hydrogen atom of the bond, which induces a sizable ͑ϳ30%͒ parallel component of the transition. It is possible that the harmonic calculations in this work overestimate the perpendicular component of this very weak transition. However, the origin of the discrepancy of the measurements and calculations remains unaccounted in this work.
E. Infrared intensities "IRI…
The band origins and IRIs of the OH-stretching bands in ͑H 2 O͒ 2 obtained in this work are listed in Table II . The frequencies are expected to give a good estimate of the band origins in free dimers with an accuracy of about Ϯ4 cm −1 . This error includes some conservative estimate arising from uncertain acceptor switching splitting in the vibrationally excited states as well as a possible shift of the frequency in He droplets. Previously, we found that the 1 and 3 band origins of the single water molecules have very small shift toward low frequency of 1.3 and 0.9 cm −1 , respectively, in He droplets as compared with the gas phase. 22 The values of IRIs are relative to that for the 3 band of water molecules in the gas phase, which is assumed to be the same in He droplets. The accuracy of the IRIs ͑Ref. 23͒ is about 20% except for the weak SA band where it is about 40% due to its low intensity Our previous IRI results in water dimers 23 were about 10% smaller as compared to the values in Table II , because they were based on older and presumably less accurate IRI of the 3 band in single water molecules. 64, 65 Table II also lists the band origins and IRIs for the symmetric ͑ 1 ͒ and antisymmetric ͑ 3 ͒ bands in free single water molecules.
The projection of the dipole moment of the dimer on its principal inertia axis was previously measured to be 2.60 D, 2,67 which is the same as calculated in this work. The magnitude of the dipole moment in the dimer can be explained as a superposition of the monomer values of 1.85 D, 68 with about 30% increase due to polarization effect. 69 On the other hand, in harmonic approximation, IRI is proportional to the square of the derivative of the dipole moment with respect to the corresponding normal vibrational coordinates. Formation of a HB usually leads to significant enhancement of the HB bridge H-stretching bands. 70, 71 He droplet technique allows measurements of the IRI, because of the known ratio of the abundance of the clusters with respect to single water molecules. Table II shows that the IRI of the AA band is very close to that of the 3 band in single water molecules. This shows that the AA vibration is not affected by the formation of the HB in agreement with recent calculations. 47 On the other hand the SA band is enhanced by about a factor of 2.5. Moreover, our results indicate that the SA band is predominantly a parallel band, in disagreement with the results of calculations in Table I . The parallel component of the band is probably associated with some small amplitude motion of the atoms along the a-axis, which nevertheless induce sizable intensity due to the hydrogen bonding. In addition, the interaction of SA vibration with strong FD and BD vibrations may induce a sizable parallel type transition dipole moment of the SA band. The fact that the subbands associated with the perpendicular part of the SA band remain unidentified suggests that the total intensity of the SA band may be underestimated.
The intensity of the BD and FD bands is enhanced by a factor of 3 and 2, respectively, as compared to the 3 band of single water molecules. The enhancement of the BD band is in line with the formation of a strong HB in water dimers. Large enhancement of the FD band shows that this vibration engages the H-atom of the bond to a considerable extent, and thus its accepted labeling as a free donor OH-stretch is somewhat misleading. Significant mixing of the free and bound OH-vibrations of the donor molecule in the dimer has been also obtained in calculations. 72 The IRI of the BD band in water dimers has previously been calculated to be in the range of 195-330 km/mol. 18, 38, [43] [44] [45] It is seen that the calculated values of IRI are about a factor of 2.5 larger as compared to the present measurements. The same observation is valid for the other bands. The detailed origin of this discrepancy is not clear at the moment. However, some error is certainly introduced by the use of the harmonic approximation and equilibrium cluster structure.
Due to the large amplitude motion of water molecules in the dimer span a wide range of geometries away from the equilibrium structure 69 which is most favorable for the hydrogen bonding. Thus the expectation value of the IRI of the BD and FD bands will likely be smaller than at the equilibrium geometry. The results of recent calculations of the full dimensional potential energy and dipole moment surfaces of water dimers 33, 40, 73 can be used for calculation of the expectation values of the IRI. Very recently IRIs in water dimer have been evaluated using second order vibrational perturbation theory ͑VPT͒, which involves an expansion of both the potential energy and the dipole moment functions about the molecular equilibrium. 47 The VPT calculations gave IRIs of 49, 64, 4.8, and 149 km/mol for the AA, FD, SA, and BD bands, respectively, in good agreement with the results of the present measurements, see Table II .
V. CONCLUSIONS
In this work water dimers were formed in He droplets and studied via IR laser depletion spectroscopy. Band origins and IRIs of all four OH-stretching ͑AA, FD, SA, and BD͒ bands were obtained. A comparison with the results of calculations shows that the latter overestimate IRIs by about a factor of about 2. We obtained that the BD, FD, and SA bands have predominantly parallel character, whereas the AA band has a perpendicular character. Furthermore the observed splitting pattern of the AA band indicates that the rotational constant, A, and the magnitude of the acceptor switching splitting of the dimer in He droplets are very similar to those in the gas phase. 
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